The Cryosphere, 7, 1872884 2013
www.the-cryosphere.net/7/1879/2013/
doi:10.5194/tc-7-1879-2013

© Author(s) 2013. CC Attribution 3.0 License.

$s920y uadQ

Brief Communication: Low-cost, on-demand aerial
photogrammetry for glaciological measurement

K. Whitehead, B. J. Moorman, and C. H. Hugenholtz
Department of Geography, University of Calgary, Calgary, Alberta, Canada

Correspondence tK. Whitehead (kwhitehe@ucalgary.ca)

Received: 22 May 2013 — Published in The Cryosphere Discuss.: 25 June 2013
Revised: 26 November 2013 — Accepted: 28 November 2013 — Published: 13 December 2013

Abstract. Remotely sensed glaciological measurements carfor other purposes, such as government map updates (e.g.
be expensive, often involving a trade-off between resolution,Wainstein et al., 2008). Satellite imagery may be appropri-
scale, and frequency. We report on a case study in which twate for some types of measurements, but it may be subject to
low-cost techniques were used to generate digital elevatiotimitations such as cost, weather conditions, and resolution.
models and orthomosaics of an Arctic glacier in consecu-Georeferencing may also pose significant challenges in some
tive ablation seasons. In the first aerial survey we used amlaciated areas, where stable reference points are unavail-
unmanned aerial vehicle and acquired images autonomouslable. While no single technique can overcome all the fore-
The following year we took advantage of the helicopter usedgoing issues, significant advances in digital photogrammetry
for site access, and were able to acquire images manually, faand autonomous aerial platforms provide a number of new
little additional helicopter time. We present a preliminary as- options to researchers (e.g. d'Oleire-Oltmanns et al., 2012;
sessment of accuracy and apply these data to measure glacidugenholtz et al., 2012, 2013).
thinning and motion. A key advantage of photogrammetry is that it extracts
topography from overlapping images, which allows spatio-
temporal changes of the surface to be measured in 3-D.
Software advances have driven the initial costs down, while
1 Introduction also offering more flexibility in the type of data processed.
The Inpho package used in this study is designed for high-
Remote sensing technology to monitor the cryosphere hagyoughput aerial surveys. As such it does not fall into the
expanded over the past few decades in several key areas, ggtegory of budget software. However, much of the function-
evidenced by advances in INSAR (e.g. Quincey and Luck-gjity of this software can be duplicated by freely available
man, 2009), LIDAR (e.g. Arnold et al., 2006), and the pro- packages such as Bundler (e.g. James and Robson, 2012;
vision of publicly available software and data via web por- Westoby et al., 2012), and Microsoft's Photosynth (e.g. Fon-
tals. However, fundamental challenges remain in terms of thestaq et al., 2013), complemented by point cloud editing soft-
availability of data, spatial resolution, and temporal baselinesyare such as Meshlab (e.g. Fonstad et al., 2013).
between data acquisitions. Due to a number of confounding a parallel development is the advent of lightweight,
factors researchers are often forced to compromise betweggyw-cost unmanned aerial vehicles (UAVs). These resem-
what is desirable for their project and what is actually pos-pje radio-controlled hobby aircraft, but fly autonomously ac-
sible. In an attempt to address this issue we present here &rding to a pre-programmed flight path. Flight planning
case study showing how remote sensing data can be acquiregware establishes the optimal image coverage, so that
from low-cost, on-demand aerial surveys, in order to measurghe area of interest is fully covered by multiple stereo im-
glacier surface change and dynamics in 3-D. age combinations. The aircraft then flies the predetermined
Typically, remote sensing data used in glaciology are acgyrse, using an onboard autopilot to guide the flight and im-

quired from fixed-wing aircraft, helicopters, or satellites, age acquisition. Typically, the autopilot receives inputs from
with researchers often having to rely on imagery gathered
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an integrated global navigation satellite system (GNSS) and
inertial measurement unit (IMU), which providés Y, and
Z positions to within 20 m, and values for aircraft roll, pitch, A P
and yaw to better thar’20n completion of the flight, a log |(Bytor 'SSEZND
file is normally downloaded from the aircraft. This file gives |sarrin K At&ag
provisionalX, Y, andZ positions, as well as values for air-
craft roll, pitch, and yaw, which are logged several times a 'SLA"D Fountain \ B,
second. This information can be used as an input to a pho- T 12016{%/!@ S
togrammetric block-adjustment process. @ L) £ 1233 5Mm
Our primary goal in this paper is to demonstrate the appli-
cability and accuracy of UAV-based remote sensing data for |
measuring surface motion and elevation changes of an Arctic
glacier. The small fixed-wing UAV used in this investigation
is shown in Fig. 1. Originally, we intended to present data
from two consecutive UAV surveys of the same glacier in
2010 and 2011; however, due to technical issues we were un
able to perform the 2011 survey with the UAV. Instead, we
were forced to adapt the project and improvise, which meant
incorporating imagery from a piloted helicopter. Through
processing we generated a digital elevation model (DEM)
and an orthomosaic with accuracies comparable to those oljg. 1. (a) Location of site on Bylot Island(b) Landsat 7 image
tained from the previous year's UAV survey. It is recognised of Fountain Glacier(c) carrying out pre-flight checks for the Out-
that helicopter time is expensive, with typical rates being inlander UAV, (d) close-up of propeller assembly showing the loca-
the region of $ 2000 per hour. However, many glaciological tion of the camera pod.
studies require the use of helicopters for access purposes. The
survey described in this study took less than 15 min of addi-
tional helicopter time to execute, making it considerably lessLumix LX3 camera, with a retractable lens assembly. While
expensive than custom aerial photo or satellite image acquia camera with a fixed focal length would have been preferred,
sitions. the payload was limited to approximately 0.5 kg, thus limit-
ing the camera choice. The LX3 has a sensor array size of
8.07 mm by 5.56 mm, and in the image mode used gave im-
2 Study site and methodology ages which were 3648 pixels by 2736 pixels. To keep camera
lens parameters consistent with the values established for the
The case study was undertaken at Fountain Glacier, which igxisting camera calibration, the zoom was set to the widest
a small Arctic polythermal glacier situated on southern By- possible coverage, giving an effective focal length of approx-
lot Island (Fig. 1). Fountain Glacier is approximately 16 km imately 5.1 mm.
long and is 1.2 km wide close to the terminus. According to A total of 148 images were collected during the survey
Moorman (2003) the glacier terminus first started to showalong 16 north—south oriented flight lines. The forward over-
signs of retreat in 1996. Wainstein et al. (2008) also showedap was set to 65 %, with a 65% overlap between adjacent
that the terminus region thinned by approximately 25 m be-strips. This level of redundancy ensured there were no gaps
tween 1982 and 2007. This part of the glacier is generallyin stereo coverage. Flying height was set to 300 m above
slow-moving and terminates in a vertical cliff, which is 35m the glacier surface, yielding a ground resolution of approx-
high in places (Wainstein et al., 2010). It is believed thatimately 0.12m. To account for the decrease in surface eleva-
close to this calving face, the glacier is frozen to its bed, re-tion down-glacier the autopilot was programmed to drop the
sulting in very slow down-glacier motion rates of between 2 aircraft 12m between flight lines. The survey took approx-
and 5ma? (Whitehead et al., 2010). The terminus region is imately 30 min, and after landing, the aircraft's log file was
dominated on the south side by a deeply incised supraglacigdownloaded for use in photogrammetric processing.
stream which acts as the major drainage channel for meltwa- Prior to the aerial survey, 16 ground control points (GCPs)

ter from the lower glacier. were surveyed on the glacier and in the adjacent moraine ar-
eas, using a Trimble dual-frequency GPS receiver, operating
2.1 UAV survey in real time kinematic (RTK) mode. The assumed accuracy of

these points was 5cm ik andY, and 5cm inZ, reflecting
The first of two planned UAV surveys of Fountain Glacier's uncertainty associated with identification of target centres.
terminus was carried out on 1 July 2010. The aircraft usedTargets on the glacier were 0.3 m diameter red circles, with
was an Outlander UAV (Fig. 1), which carried a Panasoniclarger 0.6 m targets being used in the darker moraine areas
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to improve contrast. GCPs were surveyed the day before the
aerial survey.

Aerial triangulation (AT) was carried out using the Match-
AT module of Inpho, which is a full-featured digital pho-
togrammetry package produced by Trimble. The AT process
uses conjugate points identified across multiple overlapping
images in order to carry out a bundle-block adjustment, al-
lowing photo centre positions and camera rotations to be re-
constructed from a small number of GCPs. Images from ev-
ery second strip were used to cover the whole area, with fill-
in images from the remaining strips being used to enhance
stereo coverage for the steeply sloping valley sides. The AT
process was carried out three times. The first time, all the
GCPs were used to give the best overall adjustment. Match-
AT was then rerun with the self-calibration option selected
in order to minimize residuals. This process does not make
changes to the camera focal length, but rather generates .
correction grid for the camera which optimally models lens
distortion across the entire block of photos. The triangula- @)
tion was then re-initialised, and the process repeated, with ar
evenly distributed subset of nine GCPs being excluded from
the triangulation for use as check points. The distribution of
GCPs and check points used is shown in Fig. 2a.

Following the AT process, a 1 m resolution DEM was gen-
erated for the entire survey area using the Match-T DSM
module of Inpho. This package uses an automated point
matching technique to generate a dense surface model of thi
survey area. Because the ice surface was generally snow free
the images were strongly textured, providing optimal condi-
tions for point matching and DEM creation.

Direct measurements of the glacier surface elevation were
made in 3-D from the source imagery, using Inpho’s DT
Master editing suite. These elevations were typically found
to be within 0.5 m of the DEM elevation. However, elevation
discrepancies of several metres were noted in steeply sloping )=
marginal areas, and in the vicinity of the main supraglacial
stream. These areas were manually edited by adding a seri€sg. 2. Orthomosaic images of the glacier terminus fr¢ah 2010
of break lines and form lines. The elevation points were then(UAV) and (b) 2011 (piloted helicopter). Contour interval is 10 m.
re-interpolated to better reflect the surface in these regiondXed dots indicate GCPs, while yellow dots show check points used
This edited surface model was then used to generate a 0.1 fRf each survey.
resolution orthomosaic image, which is shown in Fig. 2a.

2.2 Piloted helicopter survey

Since no log file was available from the helicopter sur-
A follow-up survey was carried out using a piloted helicopter vey, initial image centre positions were estimated using the
on 2 July 2011. For this survey a Panasonic Lumix GF1 camUAV orthomosaic image from 2010, with a nominal flying
era was fixed to the landing gear of a Bell 206L helicopter. height of 400 m above the glacier surface. The camera was
This camera had a sensor size of 17.3 mm by 13 mm, with amssumed to be pointing straight down and oriented parallel to
image size of 4000 by 3000 pixels, and was used with a fixedhe flight lines. Due to time constraints, it was not possible
14 mm lens. Flight lines were flown across the glacier in ato survey target positions prior to the image acquisition. In-
north—south pattern at approximately 400 m above the glaciestead, 20 GCPs were gathered after the aerial survey, using
surface, giving a ground resolution of approximately 0.12 m.natural features on the glacier surface which could be easily
The camera was triggered manually, approximately every 4 sidentified on the images. The GCPs had the same assumed
In total, 160 images were acquired, giving full stereo cover-accuracies as for the previous year. However, the uncertainty
age of the area flown the previous year. associated with the identification of these points was higher,
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since the exact identification of points on each image was
more difficult.

The images were processed in the same way as those from
the previous year. In this case, the camera calibration did
not need to be refined, since a good calibration already ex-
isted. Nine well-distributed GCPs were used as independent
check points to estimate overall accuracy, with the remaining
points used for the AT process. After the adjustment a 1 m
resolution DEM was produced. This was manually edited to
improve the fit in marginal areas, and in the vicinity of the
supraglacial stream. The height model was then used to gen-
erate a 0.1 m orthomosaic image (Fig. 2b).

Areas of
significant
changes to

2010 surface minus

. 2011 surface (m)
2.3 Feature tracking

Feature tracking from the two orthomosaics was used to de- = ;_":)-sto -
termine surface motion between 2010 and 2011. We first 1.5t0 2.0
tried an automated feature tracking approach using COSI- 1.0to 1.5
Corr software (e.g. Herman et al., 2011); however, because : g'_55_°51'°
after initial testing there were large areas that had relatively 0.5t0 0
poor correlation, we abandoned this method. We then applied : -<1 :(1) :)0 0.5

direct visual comparison between prominent features on the (bl '

two images, such as groups of rocks and vertical cracks in the ' 7 ’

glacier surface. In total approximately 400 points were iden- - A
tified and 10 m resolution rasters of magnitude and direction 0 500 1000 m N
were derived from these points by linear interpolation.

Horizontal
flow (ma™)

3 Results
mm >8
. . . . . 7to8
Figure 3a shows a comparison of the glacier terminus posi- > : 6 tg 7
tion in 2010 and 2011. In general, changes were too small ; T 5to 6
to be measurable. However, region A on the northern side of N = ‘;:gi
the terminus showed significant loss of ice, which was most 2t0 3
likely caused by undercutting from the adjacent marginal - <2

stream. The change at B is believed to be due to the loss
of a major block of ice from the northern calving face.
The Cha”ges shown at C reflect erosion Causeq by the ma'ﬁig. 3. (a) Changes in glacier margins from 2010 to 2011 (inset
supraglacial stream, as it flowed from the glacier onto theshows detail of changes around the exit point of the supraglacial
proglacial floodplain. stream). Areas where significant changes have occurred are shown
Figure 3b shows the difference in ice surface elevation bein white and denoted by A, B and @b) change in ice thickness
tween 2010 and 2011. The changes do not account for differmeasured from 1 July 2010 to 2 July 2011. Increases in thickness to
ences in the onset and relative intensity of the summer ablathe east of the terminus reflect changes to the proglacial i¢ng;
tion seasons, which could potentially have a significant effecthorizontal flow speed and flow direction between 1 July 2010 and 2
on the measured ice loss over a single year. It can be seefply 2011.
that while there are significant local variations, the majority
of the surface melting occurred on the northern margins of
the g|acier_ 3.1 Ice flow
In general, the differences in surface elevation were be-
tween 1.5m and 2.5m on the northern side of the glacierrom the average annualice flow map in Fig. 3c itis apparent
with differences of between 1.0m and 1.5m closer to thethat flow rates ranged from near zero for marginal regions on
centre. Ice-free areas adjacent to the glacier generally showe@€ northern and southern sides of the glacier, up to 8'ma
little change. However, thickening in excess of 1 m can bein the centre, about 1300 m from the terminus. The velocities
seen for the proglacial icing, which is located to the east ofshown in Fig. 3c are horizontak(Y), rather than surface-
the terminus. parallel (XY Z), because the surface thinning (Fig. 3b) is of
the same order of magnitude as the flow speed and could
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introduce errors in surface-parallel measurements of downthe steeply sloping valley sides. It is therefore likely that the
glacier velocity. Displacements derived from manual featurepoints on the glacier surface would show lower RMS errors.
tracking were compared with displacements for the samd-rom the previous section, the overall horizontal RMS er-
area obtained from SAR interferometry (Whitehead et al.,ror derived from check points on the glacier was 0.27 m in
2010), and were generally found to agree to within 0.5fna 2010, and the corresponding error for 2011 was 0.81m. In a
The direction of ice flow in Fig. 3c shows that overall mo- worst-case scenario, these errors would act in opposite direc-
tion is down-glacier with some deflection towards the mar-tions, giving a potential maximum horizontal error for fea-

gins near the terminus. ture tracking of 1.08 m. This corresponds to a 35 % error for
slow-moving parts of the glacier at the margins. For faster-
3.2 Accuracy estimates moving parts the estimated error drops to 12 %. We surmise

that these percentages would decrease considerably if physi-

The accuracy of the orthomosaics and DEMs were assesseazhl targets had been used in 2011. These figures also suggest
for each survey by converting half of the GCPs to checkthat registration errors between the two 1 m resolution DEMs
points. These points were distributed as widely as possiblere unlikely to exceed one pixel on the glacier surface.
over the glacier surface. For 2010, the RMS error of the im-
age coordinates was 2.3 um in batlandy, the GCPs used
in the block adjustment process had RMS errors of 0.04m4 Discussion and conclusions
in both X andY, and 0.04 m inZ, whereas the check points
used had RMS errors of 0.18 m, 0.21 m, and 0.42 X 1, This study shows how low-cost aerial surveying from UAVs
and Z, respectively. For 2011, the RMS error of the image and manned helicopters can be used to obtain high-resolution
coordinates was 2.4 um and 2.6 um iny, the GCPs used and timely remote sensing data. By processing imagery ob-
in the block adjustment process had RMS errors of 0.01 mtained from such surveys using digital photogrammetric soft-
in both X andY, and 0.004 m irZ, with RMS errors for the  ware it is possible to obtain high-resolution DEMs and or-
check points of 0.63m, 0.52m, and 0.19mXnY, andZ. thomosaic images. Repeat surveys allow ongoing processes
The higherX andY errors for the 2011 data are likely due such as ice flow, marginal recession, ablation, and seasonal
to the fact that natural features, rather than targets, that werdrainage development to be effectively monitored on an on-
used as GCPs. To test the influence of the selected points, ttgping basis. Limitations imposed by battery life, and the
triangulations for both years were repeated using differentchallenges of operating beyond line of sight, do however cur-
combinations of GCPs and check points. For both years, theently impose limitations on the size of areas which can be
RMS errors were found to be similar to those from the origi- covered by UAV surveys. For example, a survey of the en-
nal triangulations, suggesting that individual points were nottire 16 km length of Fountain Glacier would require multi-
unduly influencing the results of the triangulation and block ple flights and would necessitate physical access to the upper
adjustment process. glacier, both for control survey and for the purposes of take-

The elevations of a further six independent targets on theoff and landing.
glacier surface were measured on 3 July 2010 and on 2 July The accuracy estimation should be viewed as provisional
2011 by GPS. These targets were part of a related study, udecause the number of check points for the orthoimages and
ing ground-based photogrammetry (Whitehead et al., 2010)DEMs was small. Nevertheless, in a recent paper with a much
The difference in GPS elevations was calculated for eacHarger number of check points we showed that the vertical
point, and this was then corrected for the vertical compo-RMS error of a photogrammetrically derived DEM, based on
nent of down-glacier motion, to give the change in surfaceUAV imagery, can be equivalent to airborne LIiDAR (Hugen-
elevation had the target remained stationary. The mean eldioltz et al., 2013). Typical estimates of vertical RMS errors
vation difference derived from the two DEMs was 2.36 m, from airborne LiDAR data used in glaciological applications
whereas the mean elevation difference derived from GPSre below 0.2m (e.g. Arnold et al., 2006; Hopkinson et al.,
measurements was 1.94. The RMS error over all six point2009; Pope et al., 2013), which is not drastically different
was 0.30 m, suggesting that the difference between the twdrom the preliminary estimates shown here. Planimetric ac-
DEMs may slightly overestimate the amount of surface meltcuracies reported in the current study are also similar to those
that occurred over the one year period. reported by Arnold et al. (2006), and Hopkinson et al. (2009),

To give an estimate of the accuracy of feature tracking,who both estimated’Y accuracies as being between 0.3m
20 evenly distributed points were identified in both ortho- and 0.4 m. Furthermore, use of a metric camera might re-
mosaics in the moraine areas around the edge of the glacieduce some of the errors, and given the growing availability
These measurements gave RMS errors of 0.99 m and 1.24 mnd shrinking size of these cameras, this is a logical next step
in X andY, respectively. While this level of accuracy is com- for UAV payloads.
paratively poor, it should be noted that all points were lo- This project also shows the versatility of digital small-
cated well outside of the controlled area used to generatscale aerial photogrammetry, using off-the-shelf cameras.
the DEMs and orthomosaics, and were mostly situated orSuch an approach is essentially platform independent, and
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it is possible to acquire usable imagery from a variety of Hugenholtz, C. H., Moorman, B. J., Riddell, K., and Whitehead,
manned and unmanned aerial platforms. UAVs are particu- K.: Small unmanned aircraft systems for remote sensing and
larly useful in the context of remote sensing because they earth science research, Eos, Transactions American Geophysical
are autonomous, relatively low cost, compact, and offer flex- Union, 93, 236-236, 2012.

ibility for acquiring on-demand imagery. Furthermore, the Hugenholtz, C. H., Whitehead, K., Barchyn, T. E., Brown, O. W,,
number of specialized payloads available for small UAVs is Moorman, B. J., LeClair, A., Hamilton, T., and Riddell, K.. Ge-
growing rapidly, including SAR, LIDAR and hyperspectral omorphological mapping with a small unmanned aircraft sys-

. tem (sUAS): feature detection and accuracy assessment of a
(cf. Hugenholtz et al., 2012). Overall, the results from this photogrammetrically-derived digital terrain model, Geomorphol-

case study provide strong support to continued testing and ogy, 194, 16-24, 2013.
application of UAVs in glaciological mapping and measure- james, M. R. and Robson, S.: Straightforward reconstruction of
ment. 3D surfaces and topography with a camera: Accuracy and geo-
science application, J. Geophys. Res.: Earth Surface (2003—
2012), 117, F03017, ddi0.1029/2011JF002282012.
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